Review of the Theory of PWNe by Bucciantini, N.
Astron. Nachr. / AN xxx, No. xx, 1 – 6 (2013) / DOI please set DOI!
Review of the Theory of Pulsar Wind Nebulae
N. Bucciantini1,2,?
1 INAF, Osservatorio Astrofisico di Arcetri, L.go E. Fermi 5, 50125, Firenze, Italy
2 INFN, Sezione di Firenze, via G. Sansone 1, 50019, Sesto Fiorentino (FI), Italy
Received 30 July 2013, accepted 25 September 2013
Published online later
Key words pulsars: general - magnetohydrodynamics - radiation mechanism: non-thermal - stars: winds, outflows -
supernova remnants
Pulsar Wind Nebulae (PWNe) are ideal astrophysical laboratories where high energy relativistic phenomena can be
investigated. They are close, well resolved in our observations, and the knowledge derived in their study has a strong
impact in many other fields, from AGNs to GRBs. Yet there are still unresolved issues, that prevent us from a full clear
understanding of these objects. The lucky combination of high resolution X-ray imaging and numerical codes to handle
the outflow and dynamical properties of relativistic MHD, has opened a new avenue of investigation that has lead to
interesting progressed in the last years. Despite all of these, we do not understand yet how particles are accelerated, and
the functioning of the pulsar wind and pulsar magnetosphere, that power PWNe. I will review what is now commonly
known as the MHD paradigm, and in particular I will focus on various approaches that have been and are currently used
to model these systems. For each I will highlight its advantages and limitations, and degree of applicability.
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1 Introduction
Pulsar Wind Nebulae (PWNe) form when the ultra-
relativistic wind from a pulsar interacts with the ambient
medium, either the parent Supernova Remnant (SNR) or the
ISM (Bucciantini 2008; Chevalier 2004; Gaensler and Slane
2006). They are bubbles of relativistic particles, pairs and
perhaps ions, emitting in a broad band spectrum from radio
to γ-rays, via synchrotron and Inverse Compton emission
(Asaoka and Koyama 1990; Bandiera 2000; Harding 1996;
Kargaltsev and Pavlov 2010; Weiler and Panagia 1978). The
best example of a PWN, often considered the prototype of
this entire class of objects, is the Crab Nebula (Hester 2008).
It is such a well known system, that the majority of our mod-
els are tuned to address its properties.
There are two key ingredients that go into any good
recipe for cooking a realistic model of a PWN. The first in-
gredient is the acceleration mechanism responsible for pro-
ducing the non-thermal particle’s distribution function that
is observed. The second ingredient is the dynamical model
of the PWN, describing the advection and evolution of the
flow within these systems.
The problem of accelerating the observed particle’s dis-
tribution function is a long standing one (Arons and Ta-
vani 1994; Bykov and Treumann 2011). Recent particle-in-
cell simulations, in a variety of different conditions, have
not helped to figure out a satisfactory solution. Ions have
been invoked, but they must carry a substantial fraction
of the total spin-down energy, for which there is no clear
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evidence (Amato and Arons 2006; Sironi and Spitkovsky
2011b). Efficient Fermi-like acceleration of a pure pair
plasma requires very small magnetizations in the upstream
pulsar wind, that are reached only in a small solid angle
(Sironi and Spitkovsky 2009). Reconnection of a striped
wind (Lyubarsky and Liverts 2008; Lyubarsky 2003; Sironi
and Spitkovsky 2011a), can provide hard spectra, compat-
ible with the radio emission, but requires very high mul-
tiplicity and small Lorentz factors, contrasting the expecta-
tions for pulsar wind dynamics (Bogovalov 1997; Goldreich
and Julian 1969; Hibschman and Arons 2001). There is also
the possibility of continuous distributed turbulent acceler-
ation in the bulk of the nebula (Barnes and Scargle 1973;
Bucciantini et al. 2011). There is however a general con-
sensus, based on the wavelength dependent size of these
objects, that X-ray emitting particles must be accelerated
at the wind termination shock. The origin of radio emitting
ones is still currently debated (Atoyan and Aharonian 1996;
Olmi et al. Private communication).
On the other hand dynamical models for the flow prop-
erties have developed to a greater success. There is now
a well established paradigm, based on MHD. The key as-
sumption is that the Larmor radius of the vast majority of
the particles is much smaller that the typical size of these
nebulae. This is true up to the highest observed energies.
This allows one to use a fluid description, that can easily
be formulated in terms of MHD. Once coupled with a pre-
scription for particle’s acceleration, it can easily be turned
into an emission model. In principle, a satisfactory model,
built along these lines, should be able to relate the observed
c© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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morphology to the pulsar wind properties, and to provide a
unifying picture for all these objects.
Recently, the tools and approches that have been used in
the investigation of PWNe have been applied to Long and
Short GRBs (Bucciantini et al. 2012, 2008, 2009; Dall’Osso
et al. 2011). Indeed these systems too can be modeled as
expanding relativistic magnetized bubbles, and share a large
amount of physics and dynamics with PWNe.
I will review in the following the various approaches
that have been presented in the literature to model these
systems. I will start from the simpler 1-Zone and 1-D mod-
els and show how the extension to higher dimensions can
both provide a more accurate description and also raise new
questions. I will conclude with a brief review of various
models for pulsar bow-shock nebulae.
2 1-Zone Models
With the label 1-Zone model (or equivalently 0+1 model),
we refer to any model where the PWN is described as an
object, whose geometry is only characterized by a typical
size (often its radius), which in principle can also depend
on time. These models completely neglect the possibility
of internal structure in the PWN and assume that all quan-
tities are uniform. Despite the simplicity of this approach,
these models have proved very successful for the investiga-
tion of the global rough properties of these systems. In par-
ticular they have been applied to the study of the evolution
of PWNe, often in conjunction with their interaction with
the partent SNR. The first 1-Zone model for PWNe was
put forward by Pacini and Salvati (1973). Here the evolu-
tion of a non-thermal distribution of particles, inside an ex-
panding bubble, subject to adiabatic losses, radiation losses
and a continuous injection, was investigated, in relation to
the non-thermal emission of the Crab Nebula. All the key
ideas of 1-Zone models were already laid down. The an-
alytical approach of this seminal work however, required
assumptions on the temporal evolution of the various quan-
tities in the PWN that are reasonable only for young sys-
tems in the so called free-expansion phase (the first few
thousands years). It moreover imposes constraints on the
kind of injected particle’s distribution (a power-law). This
model has been further extended to take partially into ac-
count the interaction with the SNR (Reynolds and Chanan
1984; Reynolds and Chevalier 1984), or changes in injec-
tion history (Atoyan 1999). More recently numerical mod-
els have been developed (Bednarek and Bartosik 2003; Buc-
ciantini et al. 2011; Gelfand et al. 2009; Martı´n et al. 2012;
Tanaka and Takahara 2010, 2013; Torres et al. 2013). Using
a numerical approach, the evolution can be followed for a
longer time taking into account the various phases of the in-
teraction with the parent SNR. These models allow us, not
only to include a complex evolutionary history, but also to
model the evolution of distribution functions, that are not
necessarily a single power law (either broken power laws
have been considered, or a power-law plus a Maxwellian).
In particular, the work by Gelfand et al. (2009) is exem-
plary for showing the richness of behaviors that is found
even within the 1-Zone treatment, and the degree of com-
plexity that one can investigate using simple tools.
The main advantage of 1-Zone models is their easiness
of implementation, and the fact that they allow us to sample
a large parameter space of often unknown injection or evo-
lutionary properties. Of course one should not expect more
than a rough quantitative agreement with the global ob-
served properties of these system. In particular these models
are not reliable for the high-energy X-ray emission prop-
erties, because, as it will be shown later, they are strongly
affected by the internal flow dynamics, that these kinds of
models fail completely to consider. On the other hand the
Radio emission properties, the location of spectral breaks,
the ratio of synchrotron to Inverse Compton emission, can
be fairly well modelled. The same holds for the overall evo-
lution, where the typical duration and timescale of the vari-
ous phases of interaction with the SNR are correctly recov-
ered.
Given that quite often the quality of the available data
is limited, 1-Zone models turn out to be perhaps the only
justifiable approach. On the other hand they also constitute
a good starting point for more accurate, multidimensional
studies.
3 1-D Models
It is a general expectation that, increasing the dimensional-
ity of a model, should lead to a more realistic description of
a system: a description closer to the true working. If one in-
cludes also a simple spatial dependence of the various quan-
tities (often a dependence on the radial coordinate from the
pulsar) it is possible to develop 1-D models (or equivalently
1+1 models). The first 1-D model of the Crab Nebula was
put forward by Rees and Gunn (1974). Already this simple
description allows one to understand some of the spatial fea-
tures/properties of this object. The under-luminous region,
centered on the location of the pulsar, is interpreted as the
ultra-relativistic unshocked wind. The wavelength depen-
dent size of the Crab Nebula, with radio emission extend-
ing further outside the X-ray one, is explained in term of
combined bulk flow from the termination shock to the outer
edge of the nebula, and synchrotron cooling. The existence
of a bright torus is understood as due to compression of the
magnetic field in the outer layers of the nebula. This model
also showed that it was in principle possible to use the neb-
ular properties to infer the conditions of the pulsar wind,
like its Lorentz factor and/or magnetization. This model has
been further developed by Kennel and Coroniti (1984a,b)
who solved the full set of relativistic MHD equations, and
provided a quantitative estimate of the structural properties
of the Crab Nebula. Later Emmering and Chevalier (1987)
presented a time dependent analytical solution.
Further development of 1-D models came mainly from
numerical investigation, which allowed us to avoid many of
c© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.an-journal.org
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the simplifications required by analytical treatment. Blondin
et al. (2001) and van der Swaluw et al. (2001) were the
first to investigate the dynamics of the PWN-SNR interac-
tion using a hydrodynamical code. All the various phases of
the mutual interaction where followed: the free-expansion
phase (Chevalier and Fransson 1992), the reverberation
phase, and the final Sedov phase. Similar works have also
been carried out by Bucciantini et al. (2004b, 2003) which
were the first to use relativistic MHD and to investigate the
role of magnetic field. More recently de Jager et al. (2008)
have used a 1-D model to compute the evolution of an in-
jected distribution function, and to compute an integrated
spectrum for G21.5-0.9. Latest results have been presented
by Vorster et al. (2013).
One of the major issues raised by 1-D models is the so
called σ problem (Melatos 1998). Traditionally the σ prob-
lem mixes together two different problems: one related to
the efficiency of accelerating particles at a shock, the other
to the ability of slowing down a relativistic magnetized out-
flow. The latter is a dynamical problem, and in the follow-
ing I will only consider this aspect. In Ideal MHD a radial
highly-magnetized (with a toroidal field) supersonic rela-
tivistic pulsar wind cannot be slowed down by a shock to
match the typical expansion speeds of the confining SNR.
For this to happen it is required a small value of the magne-
tization (Arons 2004). In fact, if the ratio of Poynting flux
to total energy flux in the pulsar wind exceeds ∼ 10−3,
a quasi-stable shock cannot form, and one expects a sub-
sonic solution for the pulsar outflow, a breeze. This contrasts
strongly the expectations of pulsar wind electrodynamics
(Beskin et al. 1998; Bogovalov 2001; Goldreich and Julian
1970; Michel 1969), which suggest that the magnetization
in the wind, at best, with minor deviations from radial out-
flow, could be ∼ 1 at the typical distance of the nebulae
(Chiueh et al. 1998). A closer issue is the inability to repro-
duce the relative size of X-ray an Radio in the Crab Nebula,
and similar young systems (Amato et al. 2000), and the cor-
rect softening of the spectrum with the distance from the
pulsar (Reynolds 2004). All of these problems are related to
the fact that in 1-D models there is a one-to-one correspon-
dence between distance, age, magnetic field and flow ve-
locity. This inevitably leads to onion-like structures, which
are the exact opposite of the complete mixing at the base of
1-Zone models.
4 2-D Models
It is evident that, in the presence of a toroidal magnetic field,
stresses will arise in the nebula, leading to a prolate shape.
Begelman and Li (1992) were the first to develop a 2-D
model accounting for this effect, in an attempt to explain
the observed prolate geometry of the Crab Nebula, and to
use it as a further constrain on the plasma magnetization.
Models that assume a cylindrical geometry are referred as
2-D models (or equivalently 2+1 models).
However the interest in multidimensional models for
PWNe received a considerable boost only at the start of the
21st century. Optical and X-ray images from HST, CHAN-
DRA and XMM-Newton have shown that the inner region
of PWNe is characterized by a complex axisymmetric struc-
ture, generally referred as jet-torus structure. First observed
in the Crab (Hester et al. 1995; Weisskopf et al. 2000), it
has been detected in many other PWNe (Camilo et al. 2004;
Gaensler et al. 2002; Lu et al. 2002; Pavlov et al. 2003; Ro-
mani and Ng 2003; Romani et al. 2005; Slane et al. 2004),
and there is a general consensus that such features are al-
ways present in young systems. However given the com-
plex dynamics, associated with the larger degrees of free-
dom due to the increased dimensionality, only the use of nu-
merical codes for computational fluid dynamics (Del Zanna
et al. 2003; Komissarov 1999) allowed us to move beyond
the simple analytical solution by Begelman and Li (1992).
van der Swaluw (2003) was the first to present a numerical
model of a prolate nebula applied to 3C58. It was however
the investigation of the dynamics of the pulsar wind that
drove most of the successive attempts at modeling the in-
ner jet-torus structure. Theoretical (Begelman and Li 1994;
Beskin et al. 1998) and numerical (Bogovalov 2001; Buc-
ciantini et al. 2006; Contopoulos et al. 1999; Komissarov
2006; Spitkovsky 2006; Timokhin 2006) studies of relativis-
tic winds from pulsars agree that, at the typical distance of
the termination shock, the wind luminosity and magnetiza-
tion are not uniform, but can be described by the so called
split monopole solution: most of the energy is confined to
the equatorial region, and there is no evidence of jets or
collimated pulsar outflows along the axis. It is reasonable
to expect that such a wind could drive a complex dynam-
ics at least in the inner region. Bogovalov and Khangou-
lian (2002a); Bogovalov and Khangoulyan (2002b) were the
first to investigate this problem, modeling the flow dynamics
at the termination shock. Later Lyubarsky (2002) suggested
that hoop stresses in the body of the nebula could lead to the
collimation of the jet. This has been extensively confirmed
numerically by different groups (Bogovalov et al. 2005; Del
Zanna et al. 2004, 2006; Komissarov and Lyubarsky 2004;
Volpi et al. 2008). This numerical work has proved quite
rich in its results, and various aspects of the nebular mor-
phology have been investigated, from the details of emission
maps (Del Zanna et al. 2006), to polarization (Bucciantini
et al. 2005b), to the overall spectrum (Volpi et al. 2008). We
are now in a position where 2-D models can accurately re-
produce the observed X-ray features of the Crab Nebula, in-
cluding the wisps and the knot, in terms of relative size and
brightness. More recently attention has focused of the prob-
lem of time variability. Variability in the X-ray was known
since the first observations. In particular the variability in
the wisps region (Hester et al. 1995; Schweizer et al. 2013).
2-D models have shown that such variability can be repro-
duced (Bucciantini 2008; Bucciantini and Del Zanna 2006;
Camus et al. 2009) both in term of its typical timescale and
in its morphological pattern, of outgoing waves. Interest-
www.an-journal.org c© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ingly these 2-D models have shown that the limiting value
of the wind magnetization σ, required to explain the ob-
served morphology and the presence of a jet, is about one
order of magnitude higher than the maximum value allowed
in 1-D models, and this mostly because the extra degree of
freedom of the 2-D geometry allows to accommodate more
magnetized winds. There is also a large degree of internal
fluid turbulence and mixing. This strongly contrasts the ba-
sic assumption of 1-D models (the onion-like structure), and
is suggestive that reality could be closer to the full mixing
assumption of 1-Zone models.
Apart from the dynamics of the internal region, 2-D
models have been also applied to the interaction with the
SNR. Jun (1998) and Bucciantini et al. (2004a) were the
first to investigate the Rayleigh-Taylor instability at the in-
terface with the SNR ejecta, both in the magnetized an un-
magnetized case, showing the development of the filamen-
tary network observed in the Crab Nebula. Blondin et al.
(2001) were the first to investigate the 2-D dynamics of the
reverberation phase, showing the high level of mixing be-
tween the SNR and PWN, and the role of density gradients
in the ISM, leading to a relic PWN displaced with respect
to the pulsar, as it is often observed in old systems. van der
Swaluw et al. (2004) investigated in detail the interaction of
a pulsar moving across the SNR, the transition from spheri-
cal PWNe in the early phase to a cometary structure, and in
van der Swaluw et al. (2002) the interaction with the SNR
forward shock was also taken into account. Ferreira and de
Jager (2008) analyzed the role of ISM density gradients, in
the presence of an ordered magnetic field.
5 3-D Models
It has been known for a long time (Begelman 1998; Nalewa-
jko and Begelman 2012) that configurations with a purely
toroidal magnetic field are subject to current driven insta-
bility (kink instability). Indeed a kink-like instability is seen
in PWNe (Mori et al. 2004; Pavlov et al. 2003). To fully
capture the dynamics associated with this instability it is
necessary to develop full 3-D models (also known as 3+1
models). Recently this process has been studied via numer-
ical simulations in the simplified regime of a magnetized
column confined by a hot atmosphere (Mizuno et al. 2011,
2012; O’Neill et al. 2012). These simulations have shown
that the instability reaches the non-linear regime on a typ-
ical Alfve`nic timescale, and that, after about 10 Alfve`nic
timescales, the original toroidal field has almost completely
vanished. While this suggests a very efficient way out of the
σ problem (Begelman 1998), on the other hand it is obvious
that such a violent instability cannot operate in PWNe, be-
cause polarization measures (Bietenholz 1991; Smith et al.
1988; Velusamy 1985) constrain the level of ordered mag-
netic field to be very high. Part of the reason for this incon-
sistency can be found in the simplified regime that these
models consider. In PWNe the toroidal magnetic field is
continuously injected by the pulsar wind, and the PWN is
not pressure confined but confined by a high density wall at
the contact discontinuity with the SNR ejecta. On one hand
this implies that there must be a balance between the injec-
tion and dissipation of the toroidal field, on the other hand,
it implies that in the inner region, close to the termination
shock, where the plasma is injected, the magnetic field is
bound to be close to toroidal, while instabilities would only
act in the outer regions. Unfortunately a full 3-D simulation
of a PWN, evolving long enough to reach a balance, has not
been carried out yet, mostly because of computational cost.
However recently Porth et al. (2013) presented a very
interesting preliminary study, where the dynamics of the
PWN in a full 3-D setting was investigated for a time-length
corresponding to 70 yr. While this is about one order of
magnitude smaller than the age of the Crab Nebula, and it
can be debated if the nebula has reached a state of dynamical
equilibrium, nevertheless this timescale is longer that a typ-
ical Alfve`nic crossing time, and longer than the synchrotron
cooling time for X-ray emitting particles. The results con-
firm the qualitative expectations: the inner region close to
the termination shock is still dominated by a toroidal field,
and preserves the axisymmetric structure of 2D simulations;
a jet is formed and extends in the body of the nebula; insta-
bilities at the outer edge of the nebula act to reduce the net
toroidal field component. It is also found that the nebula can
accommodate even a wind with high σ, of order unity. Re-
calling that, even minor deviations of the wind from a purely
radial flow, can lower σ to values of order unity, at the typ-
ical distance of the termination shock radius (Chiueh et al.
1998), this suggests that the σ problem is likely an artifact
of the 1-D geometry of theories of old. However this does
not rule out the possibility of other non-ideal effects, like
dissipation and/or reconnection to play a role.
6 Bow-Shocks
As we pointed out in the previous sections, few works have
been devoted to the multi-dimensional investigation of the
dynamical evolution of old PWNe inside the SNR. Inter-
estingly there are several works focusing on the interaction
with the ISM. Pulsars moving in the ISM produce the so
called pulsar wind bow-shock nebulae (Bell et al. 1995;
Cordes et al. 1993; Gaensler et al. 2004; Kargaltsev et al.
2008; Ng et al. 2012; Pavlov et al. 2006). The first attempt
to model the physics of these systems, accounting for the
presence of neutral Hydrogen in the ISM, was done by
Bucciantini (2002b); Bucciantini and Bandiera (2001) ex-
tending the thin-layer approximation (Giuliani 1982) used
to model cometary nebulae (Bandiera 1993; Wilkin 1996,
2000). The thin layer approximation is conceptually analo-
gous to a 1-D model, given that it neglects the thickness of
the nebula, and all quantities depend only on the distance
from the apex. These models however provide a quite good
description of the head region of these nebulae in terms of
shape, thickness to hydrogen penetration, Hα luminosity,
as was later confirmed by more accurate 2-D axisymmet-
c© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.an-journal.org
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ric simulations both in the hydrodynamical regime (Buc-
ciantini 2002a; Gaensler et al. 2004) and in the relativistic
MHDl regime (Bucciantini et al. 2005a). A 3-D extension of
the study of these systems to take into account either a non-
uniform ambient medium, or the anisotropy in the pulsar
wind energy flux (in analogy with 2-D simulations of Crab-
like PWNe) has been presented by Vigelius et al. (2007).
More recently bow-shock models have also been devel-
oped for the interaction and confinement of the pulsar wind
in binary systems (Bogovalov et al. 2012, 2008; Bosch-
Ramon et al. 2012). In this case it is the wind from the com-
panion that provides the confining medium. These models
have been used to explain orbital variations and modula-
tions of the high energy comptonized emission.
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